[1] Earth's inner radiation belt located inside L = 2 is dominated by a relatively stable flux of trapped protons with energy from a few to over 100 MeV. Radiation effects in spacecraft electronics caused by the inner radiation belt protons are the major cause of performance anomalies and lifetime of Low Earth Orbit satellites. For electronic components with large feature size, of the order of a micron, anomalies occur mainly when crossing the South Atlantic Anomaly. However, current and future commercial electronic systems are incorporating components with submicron size features. Such systems cannot function in the presence of the trapped 30-100 MeV protons, as hardening against such high-energy protons is essentially impractical. The paper discusses the basic physics of the interaction of high-energy protons with low-frequency Shear Alfven Wave (SAW) under conditions prevailing in the radiation belts. Such waves are observed mainly in the outer belt, and it is believed that they are excited by an Alfven Ion Cyclotron instability driven by anisotropic equatorially trapped energetic protons. The paper derives the bounce and drift-averaged diffusion coefficients and uses them to determine the proton lifetime as a function of the spectrum and amplitude of the volume-averaged SAW resonant with the trapped energetic protons. The theory is applied to the outer and inner radiation belts. It is found that the resonant interaction of observed SAW with nT amplitude in the outer belt results in low flux of trapped protons by restricting their lifetime to periods shorter than days. A similar analysis for the inner radiation belt indicates that broadband SAW in the 1-10 Hz frequency range and average amplitude of 25 pT would reduce the trapped energetic proton flux by more than an order of magnitude within 2 to 3 years. In the absence of naturally occurring SAW waves, such reduction can be achieved by injecting such waves from ground-based transmitters. The analysis indicates that such reduction requires injection of less than 10 kW of SAW power. Increasing the power will result in the further decrease of the trapped flux. The paper concludes with a brief discussion of techniques that can inject such waves using ground-based transmitters.
Introduction
[2] The structure and behavior of the energetic electrons and protons trapped in Earth's Radiation Belt (RB) has been the subject of numerous experimental and theoretical studies [Farley and Walt, 1971; Schulz and Lanzerotti, 1974; Huston and Pfitzer, 1998; Selesnick et al., 2007] . Morphologically we can distinguish two regions, the inner RB for L shells lower than two and the outer RB for L shells higher than two. The inner RB is dominated by protons with energy in excess of 10 MeV and lifetimes from a few years at low altitudes of 400-500 km [Filz and Holeman, 1965] to many tens of years at higher altitudes [Selesnick et al., 2007] . Overall the inner belt energetic protons are relatively stable with a typical lifetime of $10 years. Contrary to this the outer RB is very dynamic and dominated by energetic electron fluxes associated with solar events and space weather processes. Inner RB protons are the major cause of performance anomalies and lifetime limitation for Low Earth Orbiting (LEO) satellites. This effect is accentuated by the presence of the South Atlantic Anomaly (SAA), a region where the proton flux is closest to the ground reaching altitudes as low as 200 km. For example, the intolerable frequency of Single Event Upsets (SEU) of the IBM 603 microprocessors (based on $0.5 micron CMOS technology) in Iridium forced Motorola to disable the cache while transiting the SAA.
[3] The main objective of the paper is to develop a comprehensive theory of the interaction of SAW in the ULF frequency range with energetic protons trapped in the radiation belts. The paper is organized as follows: The next section addresses current thinking on the physics of energetic proton loss rate from the RB. Sections 3 -6 discuss the resonant interaction of trapped energetic protons with Shear Alfven Waves (SAW). In particular, section 3 reviews the basic physics of resonant interaction of protons with SAW and determines the SAW frequency and bandwidth required to interact resonantly with trapped 30-100 MeV protons. Section 4 computes the bounce and drift averaged effective pitch angle diffusion coefficient and the resultant loss rate as a function of the frequency, bandwidth and amplitude of SAW, proton energy and L shell location. The remaining sections apply the results to the inner and outer RB. Section 5 tests our theoretical formulation against observations and previous theories of proton precipitation in the outer RB. It is found that the presence of SAW with nT amplitude is consistent with lifetimes of the order of days and results in the observed low trapped energetic proton flux for L > 2, in agreement with earlier estimates [Dragt, 1961] . In section 6, these results are applied to the inner radiation belt. After noting the absence of naturally driven SAW, we examine the possibility and requirements of artificial SAW injection that can lower the inner belt proton fluxes with their associated deleterious consequences on the performance of present and future LEO satellites. The final section addresses briefly some elementary system concepts as well as environmental issues associated with the artificial removal of energetic protons from the inner RB.
Lifetime of Energetic Protons in the Radiation Belts-Physics Considerations
[4] The source of trapped protons in the inner RB and the physics that controls their loss has been the subject of extensive theoretical and observational papers over the last fifty years [Dragt, 1961 [Dragt, , 1971 Farley and Walt, 1971; Schulz and Lanzerotti, 1974; Huston and Pfitzer, 1998; Selesnick et al., 2007] . It is widely recognized that the source and loss mechanisms that control radiation belt particles are not fully understood [Walt, 1996] . For LEO, 30 MeV protons have lifetimes of >20 years, according to studies based on drift shell tracing [Pu et al., 2005] . On the other hand, at LEO orbits below 500 km, lifetime are less than a few years [Filz and Holeman, 1965] . Theoretical work by Farley and Walt [1971] and Selesnick et al. [2007] suggested that the Cosmic Ray Albedo Neutron Decay (CRAND) is the dominant source of protons with energy >100 MeV or L < 1.3, and solar energetic protons (SEP) are dominated source for energies <100 MeV and for L > 1.3. The CRAND source is attributed to radioactive decay of albedo neutrons produced by collisions of energetic cosmic rays with atmospheric nuclei. Both experimental measurements [Filz and Holeman, 1965] following the Starfish detonation and other theoretical and observational evidence [Farley and Walt, 1971; Schulz and Lanzerotti, 1974] indicate that the dominant loss mechanism is proton slowing down by exciting and ionizing ambient Oxygen atoms at low altitude together with significant energy loss to ionize neutral N, He, and H at various altitudes. The loss time due to such a process scales as 1/hri, where hri is the atomic electron density averaged over a proton orbit [Cornwall et al., 1965] . In fact, a good fit to the data is that the proton lifetime in the inner RB is given by Dragt et al. [1966] :
[5] Figure 1 shows the omnidirectional integral proton flux for energies greater than 10 and 50 MeV as a function of the L value and points out an apparent dilemma in the physics controlling the loss processes in the outer belts, first addressed by Dragt [1961] . The unexpected feature is the sharp gradient in the proton flux between the inner and outer belts. On the basis of the steady state transport equation the ratio of the proton flux F(L) at L = 1.5 to that of the flux at L = 2.5 will be given by
[6] In equation (2) S(L) and t L (L) represent the proton source injection rate and lifetime at the particular energy range and L shell. If we assume that the outer belt lifetime is controlled by the same physics as the inner belt and use equation (1) in conjunction with the density model of Cornwall et al. [1965] we find that the ratio t L (2.5)/ t L (1.5) % 5 Â 10 À3 while from Figure 1 the flux ratio for 50 MeV protons is 200. This implies that either the source S(L = 1.5) is 10 4 times stronger than the S(L = 2.5), or that the loss rate at the outer belt is controlled by different physics. However, as noted by Dragt [1961] even if we assume that the CRAND source is the only source at the outer belt, the injection ratio cannot be larger than a factor of 5 -10, as expected by geometric attenuation of the flux. Dragt [1961] then proceeded to account for this discrepancy by postulating that while the proton lifetime in the inner RB is dominated by collisional proton slowing down, the proton lifetime in the outer RB is dominated by collisionless physics, such as by pitch angle scattering due to interaction of protons resonating with naturally generated SAW in the Pc1 range. Using equation (2) and S(L = 1.5)/S(L = 2.5) % 5 -10 we find 
À3 . Given that for fluxes above 50 MeV the lifetime near L % 1.5 is approximately 20 years the required lifetime due to resonant pitch angle scattering is the range of few hours to days. According to Dragt [1961] such lifetime at L = 2-2.5 requires the presence of SAW with frequency in the vicinity of 1 Hz with amplitude $ nT. Such waves have been observed in the outer RB and attributed to cyclotron instabilities driven by anisotropic proton distributions. They are also observed on the ground as Pc1 pulsations. Such waves, however, cannot pitch angle scatter 10-100 MeV protons at L = 1.5 in the inner RB.
[7] These observations form the motivation for the inner RB application of this work, as discussed in sections 6 and 7, viz. to study the potential control of the flux level of energetic protons trapped in the inner RB by enhancing the amplitude of SAW by artificial means.
Resonant Interaction of SAW With Energetic Protons
[8] Inside the magnetosphere SAW propagates mainly along the magnetic field line with frequency much lower than ion cyclotron frequency and is the main source of magnetic field fluctuations. Consider the interaction of SAW with frequency w with an energetic proton. Cyclotron resonance occurs when the Doppler shifted wave frequency seen in the frame of the energetic proton is approximately equal to a harmonic of its gyrofrequency W as given by the condition
[9] Here w is the wave angular frequency, k z is the parallel wave number, g = (1 À n 2 /c 2 )
À1/2
, and n = 1, 2, 3, . . . are the harmonic resonance numbers. The ''+'' and ''À'' signs correspond to normal and anomalous Doppler resonance, respectively. We concentrate here on the primary (n = 1) resonance of nonrelativistic protons with left-hand polarized SAW with frequency w ( W. Under these conditions and using the dispersion relation for SAW
we find that protons with velocity v resonate with SAW with frequency w when
[10] Here V A is the Alfven velocity and a is the angle of the proton velocity to the magnetic field (pitch angle). Since we are interested in the SAW-proton interaction outside the loss cone angle a L equation (5) defines the minimum frequency required to interact with protons of energy E as
where M is the proton mass. Figure 2 shows the minimum resonant frequency as a function of the interacting proton energy for typical equatorial plasma conditions at L = 1.5. The loss cone angle at L = 1.5 is approximately 28 deg. One can see, for example, that SAW with frequency 13 Hz and bandwidth d w /w o % 1/2 will resonate with 30 MeV protons at all angles (<2.5 a L ) outside the loss cone, as well as with higher energy trapped protons.
[11] The resonant interaction of the protons with a spectrum of SAW results in pitch angle scattering. The calculation of the resultant diffusion coefficient is well known [Kennel and Petschek, 1966; Steinacker and Miller, 1992; Summers and Thorne, 2003; Albert, 2003] . Assuming a SAW spectrum
the pitch angle diffusion coefficient is given by
[12] Here B(l) is the local background magnetic field strength, dB(l) is the amplitude at latitude l, and w (v, a) is given by equation (5). Notice that the local pitch angle diffusion rate is proportional to the energy of the wave, inversely proportional to the square root of the resonant energy and to the local value of the magnetic field.
[13] In the presence of a monochromatic wave a proton with a specific energy and equatorial pitch angle a bouncing between two mirroring points satisfies the resonant condition at two conjugate locations. However, in the presence of a broadband spectrum resonance occurs over a range of latitudes. Therefore for broadband waves we solve the gyroresonant condition, equation (5), to obtain the wave frequencies that will resonate with protons of selected energy. The local diffusion rates are then calculated using equation (8) only when the protons are in resonance with waves within the band, defined as w 0 À dw < w < w 0 + dw. Figure 3 shows the local pitch angle diffusion rate at several locations along the L = 1.5 for 30 MeV energy protons in the presence of waves with frequency 13 Hz bandwidth 6.5 Hz and amplitude 10 pT. It is clear that a relative bandwidth of order unity can scatter energetic protons in a large range of pitch angles. At higher latitudes along the magnetic field, the background magnetic field increases and the overall pitch angle diffusion rate decreases following equation (8), as shown in Figure 3 . Figure 3 also shows that the pitch angle scattering range shifts toward lower values and becomes broader at high latitudes. This is due to its dependence on the cosine of resonant pitch angle, viz. cos (a) / W V A as described in equation (5). As W V A increases by a factor of 1.5 from latitude = 0 deg. to 20 deg., the resonant pitch angle moves to lower values.
Computation of Bounce and Drift-Averaged Diffusion and Loss Rates
[14] To obtain the effective pitch angle diffusion of the resonant protons the local pitch angle diffusion coefficient given by equation (8) needs to be integrated over the part of the proton orbit bouncing between the two mirror points. This yields the bounce-averaged pitch angle diffusion coefficient in terms of the particle equatorial pitch angle a E and the energy E as [Lyons and Williams, 1984] :
[15] Here S(a E ) % 1.3-0.56 sin a E describes the dependence of the bounce period on the equatorial pitch angle in a dipole magnetic field, and l M is the particle mirroring latitude. In equation (9), we assume symmetry with respect to the magnetic equator. We can rewrite the local pitch angle diffusion rate D aa (equation (8)) in terms of the latitude l, particle velocity v and equatorial pitch angle a E as,
where
and w (l, v, a E ) is given by rewriting the resonant condition (equation (5)) in terms of l, v, a E as
[16] In deriving equation (11), we have used the conservation of the first adiabatic invariant that relates the particle equatorial pitch angle a E to the local pitch angle a at latitude l as sin 2 a = sin 2 a E B(l)/B(0).
[17] The local wave amplitude dB(l) in equation (10) can be related to the equatorial wave amplitude through the conservation of the wave energy flux and the magnetic flux along the flux tube. This gives
where A(l) is the flux tube area, and r(l) is the plasma density at latitude l. Using equations (10) - (12), the bounceaveraged pitch angle diffusion coefficient (equation (9)) can now be rewritten as
[18] Equation (13) is a key equation of the paper. It gives the average diffusion rate for a proton of energy E, and equatorial pitch angle a E , as a function of the SAW amplitude at the equator and the ratio of r
The latter can be taken from models, such as the Global Core Plasma Model (GCPM) [Gallagher et al., 2000] . Before proceeding with the numerical integration of equation (13), we note that the value of dB (0) 2 can be related to the average wave energy hdB 2 i/2m 0 by
where s is the distance along the field line, with s = 0 and s 1 defined at the magnetic equator and the reflection point along the field line at altitude $110 km, respectively.
[19] Computation of the equatorial pitch angle distribution and the precipitation lifetime t p requires solution of the bounce averaged diffusion equation for the proton distribu- tion function f(t, E, L, a E ) given by [Lyons and Williams, 1984] :
[20] In equation (15) the loss term is approximated by f/t atm and t atm equals to half of the bounce period for a E within the loss cone and goes to 1 for a E outside the loss cone.
[21] In the absence of a proton source the distribution function will decay to a lowest normal mode of the system whose profile will remain invariant with time [Lyons and Williams, 1984] . The distribution function can then be split into the product of a temporal decay component F(t, E, L), and a steady state pitch angle distribution g(E, L, a E ). Solving for the temporal decay yields [Abel and Thorne, 1998] 1
where t p is the eigenvalue that corresponds to the precipitation lifetime. Using equations (15) and (16) we find
[22] Given the bounce-averaged pitch angle diffusion rate hD aa i for a proton with energy E as a function of equatorial pitch angle a E , we can apply a finite difference scheme to the right hand side of equation (17) to approximate the derivatives. The steady state distribution function g(E, L, a E ) is discretized as g(E, L, a E,i ), where a E,i with i = 1, 2, 3, . . . are discrete equatorial pitch angles. The discretized equation (17) forms a matrix equation, yielding a nonlinear eigenvalue problem whose solutions, i.e., eigen-vector g(E, L, a E,i ) and eigen value t p , can be obtained by using an iterative method.
[23] Equations (13), (14), (16), and (17) form the key results on which the feasibility and energy and power estimates for the reduction of proton flux is based. These equations need to be integrated numerically by considering a particular value of L and proton energy, a SAW amplitude, frequency and bandwidth, and a model for the magnetic field and plasma density. This forms the subject of the following sections.
Outer Radiation Belt Application-Energetic Proton Flux Estimate at the Outer Belt
[24] Alfven waves are a ubiquitous feature of the outer RB. SAW excitation is attributed to cyclotron instabilities driven by anisotropic proton distributions and the SAW amplitude can be largely enhanced during magnetic storms. Typical SAW wave amplitude in the outer belt is around several nT and can be larger during magnetic storms.
Observations have shown large amplitude waves over a wide range of frequencies. For example, CRRES (L = 4.8-6.7) detected waves in the Pc1 range with transverse magnetic field perturbations with 3 -14 nT peak to peak amplitudes [Fraser et al., 1996] . Viking observations showed magnetic field perturbations with mixed left-hand and right-hand polarizations propagating primarily along the ambient magnetic field [Erlandson et al., 1990] . At lower altitudes, Magsat (350 by 550 km near-polar orbit) measured Pc 1 waves with mixed ploarizations with amplitudes of 5 -30 nT [Iyemori and Hayashi, 1989] . Such observations show that the presence of SAW and associated waves is atypical feature of radiation belts. Such waves, however, can only propagate across magnetic field lines as compressional mode waves and reach inner belt if they have a frequency below ion cyclotron frequency [Astrom, 1950] . The proton cyclotron frequency at L = 5 is approximately 4 Hz. Therefore the SAWs reaching L = 2.5 from outer belt have a cutoff around 4 -5 Hz. We assume that the SAW at L = 2.5 have a broadband spectrum similar to equation (7) with the center frequency near zero with 4 Hz bandwidth. To calculate the local, bounce-averaged diffusion rate and the lifetime for protons, we assume the volume-averaged wave amplitude hdBi to be $1 nT at L = 2.5, which is a fraction of outer belt SAW amplitude.
[25] Figure 4a shows the bounce-averaged pitch angle diffusion rate for 10 and 50 MeV protons at L = 2.5 calculated with equations (8) and (13). The broadband wave with bandwidth = 4 Hz can effectively pitch angle scatter protons with pitch angle upto $ 80 deg. At L = 2.5, the loss cone angle is approximately 11.6 deg. We further solve the eigenvalue equation (17) with the bounce-averaged diffusion rate given in Figure 4a . Figure 4b shows the steady state distribution function g(E, L, a E ) for 10 and 50 MeV protons at L = 2.5. The resultant lifetimes for 10 and 50 MeV protons are 1 and 1.9 days, respectively. In Dragt [1961] , with SAW wave amplitude $ 3 nT, the lifetime of 100 MeV protons is estimated to be $0.5 day. Our estimation of natural lifetime for 10 and 50 MeV protons using diffusion calculation yields similar life time $ days given 1 nT SAW amplitude. Thus the short lifetime of >10 MeV protons at L = 2.5 can be attributed to the pitch angle scattering of protons by SAW.
Inner Radiation Belt Application-Proton Radiation Belt Remediation (PRBR)
[26] As noted earlier the inner RB is populated by high flux of energetic protons that impact the operation and lifetime of LEO satellites. While currently most of the operational problems are centered in the vicinity of SAA this is not the case for future LEO satellites. High volume production and its associated cost savings force satellite systems to utilize Commercial-Off-the-Shelf (COTS) electronics. The anomalies caused by the impact of energetic protons are known as Single Event Effects (SEE). The SEE anomaly cross section is a strong nonlinear function of the device feature size. Current estimates indicate DasGupta et al., 2007] that SEE cross section increases by a factor of over one hundred in moving from micron scale size to the currently available COTS of 65 nm.
This implies that in the near future the LEO orbit range for satellites with COTS will be operationally unavailable.
[27] The previous physics analysis on the effect of SAW on proton lifetime, combined with the discussion given in section 2 on the reasons for the sharp trapped proton flux gradient in transitioning from the inner to the outer RB provides a solution to the this dilemma. Namely use ground ULF transmitters to inject into the inner RB SAW with the average energy density required to reduce the proton flux by one or more order of magnitude. Given the long replenishment timescales such reduction can be accomplished slowly, in timescales of two to three years.
[28] At this point we should remark that controlled, enhanced precipitation of relativistic electrons in the slot region of the RB by injecting whistler waves from space platforms is a very active research topic known as RB Remediation (RBR). RBR refers to enhanced precipitation of relativistic electrons injected by the beta-decay of radioactive products following a deliberate or accidental High Altitude Nuclear Explosion [Parmentola, 2001; Papadopoulos, 2001; Steer, 2002; Dupont, 2004] . Such an explosion could increase the relativistic electron flux in the ''gap'' by more than four orders of magnitude with natural decay rate of several years. This will have catastrophic implications to LEO satellites within a period of one week. RBR aims at injecting sufficient VLF power in the gap region to reduce the lifetime to less than a few days. Ganguli et al. [2006] have discussed VLF wave injection by taking advantage of the free energy available by the release of few tons of Ba from a rocket at 500 km altitude. Such a release could create whistler waves with extremely high amplitude capable of achieving lifetime of less than an hour. An alternative pursued is injection of whistler waves from a constellation of space-based transmitters [Inan et al., 2003] . Besides the physics considerations that differentiate the RBR to the proton control scheme discussed here, an important difference is on the decay timescale. Following the RBR nomenclature we refer to the proton reduction scheme discussed here as Proton Radiation Belt Remediation (PRBR) Notice that while RBR requires fast action on the order of hours to days, PRBR involves slow and controlled action and with timescale of years.
PRBR Frequency and SAW Amplitude Requirements
[29] Figures 5a -5c show examples of the bounce-averaged pitch angle diffusion rate at L = 1.5 for energetic protons in the presence of three different broadband SAW calculated using equation (13). The center frequency of the SAW used in the examples were chosen to effectively scatter protons with pitch angle a L < a E < 2.5a L and energy 100, 50 and 30 MeV most efficiently, as seen in Figure 2 . The bandwidths were taken as half of the central frequencies. In calculating the bounce-averaged pitch angle diffusion rate, a volume-averaged wave amplitude hdBi $ 25 pT was assumed. The diffusion rate scales as the square of the amplitude. Table 1 lists the loss times for multienergy protons calculated by solving equation (17) and using the bounce-averaged pitch angle diffusion rates obtained in Figures 5a -5c. Figures 5d -5f show the corresponding steady state distribution function g(E, L, a E ) for three protons energies at L = 1.5 due to scattering by broadband SAW with spectrum given in Figures 5a -5c , respectively.
[30] In solving equation (17) to obtain the proton lifetimes, we used a loss cone angle of a L = 28 deg., which corresponds to the protons lost at altitude 110 km along L = 1.5. The lifetime of protons at altitudes below 400-500 km can be less than few years [Filz and Holeman, 1965] and thus is comparable to the remediation timescale. This implies that for the wave power being considered the remediation will substantially decrease proton intensity at altitudes (>400 -500 km), while its effects at low altitudes will be diminished.
[31] From Figure 5 , we see that broadband SAW can pitch angle scatter protons with different energies and the effective pitch angle range for scattering varies with wave spectrum. With lower frequency, i.e., f 1 = 6.5 Hz, the loss time for 100 MeV protons can be reduced to $1.6 years. However, this SAW spectrum can scatter effectively only the protons with lower energies and narrower pitch angle range, e.g., a E < 52 deg. for 30 MeV protons. The loss time for 30 MeV protons is around 4.6 years. On the other hand, with higher frequency, i.e., f 3 = 13 Hz, the pitch angle range for scattering can cover a L < a E < 2.5a L for 30-100 MeV protons. Using this broadband spectrum of f 3 = 13 Hz, the loss time of 30-50 MeV protons can be 2.5 years and the loss time of 100 MeV protons is around 4 years. Taking into account of these tradeoffs, a broadband SAW with center frequency f 2 = 10 Hz and bandwidth of 5 Hz can be optimum. It can reduce the loss time of 30 -100 MeV protons to be within 3 years and most effectively reduce the loss time of 50 MeV proton to 1.6 years. Clearly these results should be taken as simple guides as to the selection of the parameters of an operating system.
SAW Injection Power Requirements
[32] To estimate the SAW injection power required to achieve a loss time of, $2-3 years we use the parameters discussed in the previous section, namely hdBi % 25pT. For definiteness consider a volume contained between a shell of dipole field lines at L = 1.5 with width dL % .1. Since the volume is approximately dV % 3 Â 10 20 m 3 the required steady state energy of the waves is given by W % (hdBi 2 / 2m 0 )dV = 75 kJ.
[33] To find the power required to maintain such an average energy we consider the shell as a leaky cavity whose boundaries at the ionospheric boundaries have a
, where P P is the height-integrated Pedersen conductivity and P A = 1/Z A where Z A is the Alfven wave impedance. The evolution of wave energy trapped inside the leaky cavity can be written as
where W is the wave energy, P is the wave energy injection rate and n is the energy loss rate. The energy loss rate due to transmission at the ionospheric boundary is n = Àln R/DT, where R is the reflection coefficient at the ionospheric boundary and DT is the Alfven wave propagation time along the magnetic field line. In steady state the power P required to maintain SAW energy W is given by
[34] Figure 6 shows the input power required to maintain a wave energy of 75 kJ, assuming a wave transit time of 11 sec, as a function of the ionospheric reflection coefficient R. For example, to maintain wave energy W = 75 kJ inside the shell volume at L = 1.5 with dL = 0.1, we should inject P $ 700 W for R = 0.9, and P $ 3500 W for R = 0.6. The resultant proton loss time will be approximately 3 years. The loss time scales linearly with the injected SAW power.
Elementary System Concepts and Environmental Issues
[35] The paper presents an analysis of the interaction of artificially generated SAW injected in the inner RB with trapped energetic protons in the 30-100 MeV range. The results indicate that injection of few kW of SAW power in the 1 -10 Hz frequency range in the inner radiation belt can result in significant reduction of the proton flux on timescales of few years. The analysis should be considered as a first order guide to spark a combined research and engineering study as to the viability of such a system. Although this is not the subject of the present study we feel compelled to mention a number of options for transmitter systems and locations.
[36] From the practical power and engineering point of view a ground based ULF transmission system is clearly preferred over a space based system. Such a system can be located at the foot of the particular field line or distributed in a range of appropriate azimuths. For a ground based transmitter we examine two options. The first is a traditional Horizontal Electric Dipole (HED) such as the Michigan system that was used for communications with submarines. Greifinger and Greifinger [1974] in fact examined the possibility to use such a HED antenna to inject magnetosonic waves in the Alfvenic waveguide at Pc1 frequencies for lateral propagation studies. The power injected into magnetosphere by an HED can be estimated by referring to Figure 7a . The magnetic and electric fields at the base of the ionosphere, taken to be at an altitude of 75 km where the electrons become magnetized, will be given by
[37] Z(h) is the impedance at the bottom of the ionosphere and s P (h) is the corresponding Pedersen conductivity. Notice that these are the fields driven by two antiparallel currents (the antenna current and image current) separated by the skin depth distance d and we assumed that d ( L. From equations (20) - (21) the power density injected in the ionosphere by a HED with dipole moment IL at a frequency f is thus given by
where Z 0 = 120p is the impedance of free space. Taking the approximate area at an altitude h as h 2 we find that in practical units the injected power in the RB will be given by
[38] In equation (23) a % cos 2 q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ew=s P h ð Þ p is the efficiency with which the power at the bottom of the ionosphere will couple to the SAW if the angle that Earth's magnetic field makes to the ground at the transmitter location is q. The injection efficiency along with other design issues will be addressed in detail in a future publication. We simply state here that since the ionospheric attenuation at few Hz frequencies is negligible and using nighttime conditions the factor a is of order unity. As a zero order estimate a HED with L % 10-15 km and I % 1-3 kA located on ground with conductivity approximately 10 À4 S/m could in principle inject a few kW of power into the SAW mode.
[39] An alternative technique for SAW injection utilizes an array of superconducting coils with magnetic moment parallel to the ground and rotating at the relevant frequency w, as shown in Figure 7b . Notice that contrary to the HED, the image source of a rotating Horizontal Magnetic Dipole (HMD) is in the same direction, thereby doubling the strength of the source. The magnetic and electric fields at the bottom of the ionosphere of such a Rotating Magnetic Field (RMF) source will be given approximately bỹ . Approximately 20 coils will be needed to inject kW level power.
[42] Before closing we remark briefly on potential environmental concerns. We are guided to a great extent by similar considerations addressed in developing the RBR system [Rodger et al., 2006] and an unpublished analysis of a committee appointed by DARPA to examine the potential environmental implications of a PRBR system. The two relevant environmental issues are:
[43] 1. Can the precipitated proton flux change thermospheric composition of minority species, or cause blackout or interruption of transionospheric communications and navigation signals?
[44] 2. What is the effect on Earth's magnetic field of removing a large fraction of trapped particles?
[45] To answer the first question we estimate first the total number of inner belt (>10 MeV) protons as
where f omni (L, E) is the omnidirectional differential flux for proton of energy E at location L. Using the omnidirectional differential proton flux obtained from NASA AP-8 model, we estimate that the total number of 30-100 MeV protons calculated for L = 1.2 to 2.0 is N (E = 10 -100 MeV, L = 1.2-2.0) $ 10
23
. If these protons are removed in one year, the precipitation rate is <1/(cm 2 sec) for a $ 10 6 km 2 foot area in the ionosphere into which protons between L = 1.2 and 2 will be precipitated. The background noise in the proton flux is 10/(cm 2 sec) and the flux of >10 MeV protons during a solar proton event (SPE) at high latitudes is >10 4 /(cm 2 sec) [Verronen et al., 2005; Rodger et al., 2006] . Thus the energetic proton flux arising from PRBR would be less than the background level and at least four orders of magnitude less than natural SPE fluxes. Studies of enhanced radiation during intense solar proton events [Jackman et al., 1995; Verronen et al., 2005] and a high altitude nuclear explosion [Rodger et al., 2006] conclude that these events cause no significant change in the ozone chemistry and RF communications. Thus the effects of the proton fluxes from the proposed remediation are estimated to be minimal to nonexistent.
[46] It is simpler to answer the second question. The plasma is diamagnetic and removing drifting particles will simply increase the value of the ambient magnetic field. In this respect the effect is beneficial in terms of protection from cosmic rays or other charged particle input. However, the magnitude of the diamagnetic effect is extremely small as seen by a simple calculation. The diamagnetic current
